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CHAPTER  I 


INTRODUCTION 

The  Sea-Finding  Orientation 

All  freshwater  and  marine  turtles  whose  habits  are 
known  deposit  their  eggs  in  nests  dug  in  the  sand  or  soil 
adjacent  to  the  bodies  of  water  in  which  they  live.  Whether 
they  nest  during  the  day,  like  most  of  the  freshwater 
turtles,  or  at  night,  like  most  of  the  marine  species,  they 
share  the  problem  of  finding  their  way  back  to  the  water, 
which  is  often  out  of  sight  — perhaps  at  a distance  of 
several  hundred  feet  over  broken  terrain.  Furthermore,  the 
hatchlings  upon  emergence  from  the  nest  must  complete  the 
same  journey,  proportionally  far  more  difficult  and  hazardous 
despite  the  fact  that  they  have  never  made  the  trip  before, 
except  in  ovo . In  the  case  of  the  totally  aquatic  marine 
turtles  the  feat  is  more  striking  because  of  their  enormous 
bulk  and  awkward  terrestrial  locomotion,  because  of  the 
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relatively  long  distances  traveled  to  parts  of  the  beach 
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where  the  ocean  may  be  completely  obscured  by  dunes  or 
vegetation,  and  because  of  the  remarkably  direct  course 
they  take  in  going  back  to  the  sea  after  nesting  is  finished 
(Carr  and  Ogren,  I960)  . No  one  has  ever  reported  finding 
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an  uninjured  female  sea  turtle  that  had  lost  her  way  and 
was  unable  to  relocate  the  water.  The  identification  of 
the  environmental  cues  that  indicate  the  direction  of  the 
water  to  nesting  and  hatchling  green  turtles  (Che Ionia 
inydas)  , and  the  characterization  of  the  sensory  and  behav- 
ioral adaptations  which  enable  the  turtles  to  respond  to 
these  cues  with  high  efficiency,  are  the  subject  matter  of 
this  investigation.  ^ 

Although  the  turtle  has  long  seemed  an  interesting 
and  worthwhile  subject  for  behavioral  study,  the  apparent 
lack  of  strong  motivation  has  made  the  training  laborious 
and  the  results  erratic  (Casteel,  1911).  Punishment  has 
been  used  occasionally  (Granda  et  al. , 1965) , but  food 
reward  is  more  commonly  employed  (Quaranta,  1952) . Even 
under  ideal  circumstances  the  behaviorist  or  physiologist 
finds  it  necessary  to  cultivate  a virtually  reptilian  sense 
of  patience  in  order  to  deal  with  turtles.  Konrad  Lorenz 
(1952)  , a keen  observer,  describes  commercially  available 
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turtles  as  "dull  animals"  whose  behavior  is  "so  uninterest- 
ing that  the  cost  of  buying  and  the  trouble  of  upkeep  are 
hardly  worthwhile."  However  an  adult  green  turtle  returning 
to  the  sea  is  a different  matter.  Defenseless  on  land,  and 
unable  to  withdraw  into  its  shell,  the  sea  turtle  has  little 
alternative  but  to  get  back  to  the  water  as  quickly  as 
possible  after  nesting.  It  generally  takes  two  or  three 
strong  persons  to  deflect  a turtle  from  a seaward  heading 
or  to  stop  its  forward  progress.  Here  is  a recognizable 
sequence  of  actions  forming  a behavioral  unit.  The  motiva- 
tion is  strongly  positive  in  all  experimental  subjects,  and 
the  criterion  of  "success"  is  easily  scored  as  well  as 
being  directly  related  to  a real  event  — the  successful 
achievement  of  which  is  essential  to  the  continued  existence 
of  the  animal  under  natural  conditions.  Besides  providing 
a readily  accessible  way  of  learning  about  certain  types  of 
turtle  orientation,  the  sea-finding  ability  and  motivation 
can  be  coupled  experimentally  with  a study  of  color  vision 
and  with  other  aspects  of  marine  turtle  physiology  and 
behavior . 

Carr,  in  1955,  began  a program  of  tagging  adult, 
female  green  turtles  when  they  arrived  at  Tortuguero,  Costa 
Rica,  the  principal  green  turtle  nesting  beach  in  the 
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western  Caribbean  Sea  (and  the  site  of  this  investigation) , 
Since  that  time,  tag  returns  from  turtle  fishermen  and 
observations  of  re-nestings  at  Tortuguero  have  clarified 
the  nature  of  the  migratory  habits  of  this  species  of 
Che Ionia  (Carr,  1965) . The  summer  breeding  population  of 
turtles  at  Tortuguero  is  entirely  a nonresident  population 
drawn  from  feeding  grounds  as  geographically  remote  from 
each  other  as  the  Florida  Keys  and  the  coastal  waters  of 
Venezuela.  Turtles  tagged  at  Tortuguero  nest  nowhere  else; 
and  the  lengthy  journeys  from  the  feeding  grounds  to  Costa 
Rica  are  made  every  two  or  three  years.  There  is  little 
evidence  or  even  likelihood  that  the  green  turtle's  long- 
range,  open-sea  navigation  and  its  short-term,  sea- finding 
orientation  while  on  land  have  specific  mechanisms  in  common. 
Nevertheless  any  information  gained  concerning  the  way  in 
which  the  green  turtle  uses  its  various  sensory  systems  in 
an  orientation  task  may  be  of  use  when  the  direct  experimental 
approach  to  long-range  navigation  is  formulated. 
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Previous  Studies  of  Chelonian  Orientation 
and  Navigation 

No  obvious  distinction  between  the  water-finding 
methods  of  freshwater  and  sea  turtles  can  be  gleaned  from 
the  literature  on  the  subject.  The  orientation  of  hatchling 
loggerhead  turtles  (Caretta  caretta)  has  been  studied  by 
Hooker  (1911) , Parker  (1922) , and  Daniel  and  Smith  (1947a, b) . 
Carr  and  Ogren  (1960)  tested  sea-finding  in  hatchling  green 
turtles.  The  water-finding  orientation  of  freshwater  hatch- 
lings and  adults  has  been  studied  by  Noble  and  Breslau 
(1938) , Anderson  (1958) , and  Ortleb  and  Sexton  (1964) . 

Water- finding  orientation  may  be  a complex  operation 
in  which  visual  cues  have  priority  as  a source  of  acceptable 
information  and  in  which  other  sensory  systems  may  supplement 
or  supersede  vision  in  the  event  that  the  primary  mechanism 
gives  conflicting  or  ambiguous  directions.  Olfactory  cues 
have  been  rejected  as  the  water-finding  mechanism  by  all 
investigators,  as  has  the  use  of  humidity  gradients.  The 
sound  of  the  surf  does  not  seem  to  influence  the  orientation 
of  hatchling  sea  turtles;  and  it  can  hardly  be  of  help  to 
turtles  attempting  to  return  to  quiet,  freshwater  ponds  and 
lakes.  Positive  geotropism  most  likely  plays  a small  or 
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even  negligible  part  in  the  water-finding  process.  The  evi- 
dence upon  which  all  these  conclusions  are  based  is  nega- 
tive. All  indications  point  to  vision  as  the  sense  most 
strongly  involved.  Nevertheless,  it  must  be  emphasized 
that  successful  water— finding  orientation  depends  upon  the 
performance  of  a lengthy  sequence  of  appropriate  responses 
and  upon  appropriate  inhibition  of  responses  to  a variety 
of  stimuli.  As  orientation  proceeds  and  the  turtle  approaches 
the  water,  the  environmental  cues  change.  Some  are  strength- 
ened, while  others  fade  away.  Thus,  a static  analysis  of 
orientation  behavior  which  attempts  to  provide  a simple 
mechanism  could  be  misleading  (Blum,  1953) . 

A multiplicity  of  visual  cues,  some  quite  poorly 
defined,  has  been  advanced  as  the  primary  orienting  stimulus. 
These  include  such  diverse  physical  characteristics  of  the 
beach  environment  as  blue  light  over  water  (Hooker,  1911), 
polarization  of  light  reflected  by  water,  a brighter,  open 
horizon  in  the  direction  of  water  (Noble  and  Breslau,  1938? 
Carr  and  Ogren,  1960) , a darker  horizon  in  the  direction 
away  from  water  (Anderson,  1958) , and  in  the  case  of  marine 
turtles  the  glitter  of  the  surf  (Daniel  and  Smith,  1947a, b) . 

It  has  been  suggested  without  supporting  evidence  that  sun. 
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star,  or  moon  compass  orientation  in  a genetically  pre- 
determined direction  may  be  involved.  Fischer  (1964) , test- 
ing hatchling  green  turtles  confined  in  a circular  water 
arena,  found  a compass  direction  preference  based  on  sun 
orientation. 

The  movements  of  turtles  have  been  observed  and 
experimentally  manipulated  by  numerous  persons.  The  sim- 
plest of  these  studies  have  been  made  by  individuals  who 
have  kept  turtles  as  a hobby  or  have  watched  them,  often 
for  many  years,  in  the  wild  state  on  land  adjacent  to  rural 
or  suburban  homes . Forced  perhaps  by  the  limited  expres- 
sivity of  their  pets  into  a minute  analysis  of  overt  turtle 
behavior,  these  individuals  have  recorded  much  of  what  we 
know  about  the  wanderings  and  activity  cycles  of  turtles. 
Mrs.  Knowlton's  account  of  the  behavior  of  wood  turtles 
(Clemmvs  insculpta)  and  box  turtles  (Terrapene  Carolina) 
kept  under  semi-natural  conditions  (Knowlton,  1943)  contains 
useful  information  that  indicates  the  importance  of  vision 
in  turtle  orientation.  Nichols  (1939)  and  Stickel  (1950) 
tagged  box  turtles  and  demonstrated  over  a period  of  years 
that  these  animals  do  not  wander  from  a well-defined  home 


range.  The  possibility  that  box  turtles  can  use  sun  compass 
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orientation  to  keep  within  the  boundaries  of  their  home 
ranges  has  been  studied  by  Gould  (1957,1959).  Unfortunately, 
hiS  results  do  not  provide  a clear-cut  answer  to  the  ques- 
tion. Yerkes  (1901,1904)  investigated  spatial  learning  in 
a number  of  species  of  emydid  turtles,  and  concluded  that, 
"Visual  impressions  are  of  prime  importance  in  the  space 
perception  of  tortoises  [turtles].  ..."  Tinklepaugh 
(1932)  found  that  a variety  of  turtles  were  able  to  learn 
a maze  well  enough  to  permit  comparison  of  their  performances 
with  those  of  rats . 

Preliminary  studies  of  the  mechanism  of  open-sea 
navigation  in  green  turtles  have  been  undertaken  by  Carr 
(1965) . Short-range  optical  (balloon)  and  radio  tracking 
of  adult  green  and  loggerhead  turtles  by  means  of  triangula- 
tion  from  fixed  points  has  been  accomplished  on  several 
occasions,  but  definitive  tests  await  the  development  of 
better  tracking  methods.  The  impressive  homing  feat  of  the 
Atlantic  ridley  turtle  (Lepidochelys  kempi)  has  been  well 
documented  (Carr,  1963);  there  have  been  no  experimental 
studies  of  its  migratory  behavior. 
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Previous  Studies  of  Chelonian 
Sensory  Systems 

The  study  of  orientation  in  any  animal  species  is 
greatly  facilitated  by  a knowledge  of  the  morphology  and 
physiology  of  the  sensory  systems  that  may  be  involved  in 
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the  orientation  task.  The  discovery  of  echo-location  in 
bats  was  preceded  by  more  than  a quarter-century  of  work 
on  the  anatomy  of  the  larynx,  the  cochlea,  and  the  auditory 
brain  of  these  animals  (Galambos,  1953).  Unfortunately, 
with  the  possible  exception  of  vision,  the  sensory  systems 
of  turtles,  particularly  sea  turtles,  have  received  rela- 
tively little  attention.  Papez  (1929)  provides  the  only 
survey  of  the  gross  anatomy  of  the  central  nervous  system 
of  the  green  turtle.  His  emphasis,  however,  is  upon  com- 
parative neurology,  and  except  for  indications  that  the 
olfactory  and  visual  portions  of  the  brain  are  well  developed, 
the  discussion  is  too  broad  to  be  of  much  use. 

There  can  be  little  doubt  that  turtles  have  a func- 
tioning --  perhaps  keen  — sense  of  smell.  Odor  discrimina- 
tion may  play  a role  in  both  the  location  and  identification 
of  food  and  in  species  or  sex  recognition  in  some  cases. 
Anatomically,  the  nasal  cavity  is  large  (Parsons,  1958, 
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1960) , and  is  lined  with  a discrete  olfactory  sensory  epi- 
thelium. The  response  to  airborne  odorants  is  not  confined 
to  olfactory  nerve  endings  (Tucker,  1963);  both  the 
trigeminal  nerve  cind  the  vomeronasal  nerve  (which  innervates 
the  analogue  of  Jacobsen's  organ)  exhibit  electrical  activity 
when  aromatic  substances  cone  in  contact  with  the  nasal  epi- 
thelium. Rec-eared  turtles  (Pseudemys  scripts  eleqans)  have 
been  trained  to  respond  to  olfactory  stimuli  by  Boycott  and 
Guillery  (1962) , but  Ortleb  and  Sexton  (1964)  were  unable  to 
observe  any  preference  for  the  odor  of  pond  water  in  painted 
turtles  (Chrysemys  picta)  tested  in  a Y-maze . 

Turtles,  lacking  external  ears  and  remaining  exceed- 
ingly calm  in  the  face  of  loud  noises,  have  rarely  had  their 
audirory  function  examined.  Kuroda  (1925)  failed  to  condi- 
tion Clemmys  japonica  to  the  sound  of  a bell,  however  Carr 
(1952)  reports  that  vocalizations  occur  in  a number  of 
species  of  turtle.  More  recently,  refinement  of  neurophysi- 
ological techniques  has  prompted  a re-examination  of  audition 
in  turtles.  Wever  and  Vernon  (1956a, b,c)  and  Patterson 
(1965)  conclude  that  low  frequency  sounds,  particularly 
those  in  the  range  of  400  to  700  cycles  per  second,  can  be 
detected  by  emydid  turtles . 
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The  eye  of  the  freshwater  turtle  is  highly  advanced 
in  structure  and  function.  Indeed,  it  represents  one  of 
the  major  peaks  in  the  evolution  of  the  vertebrate  eye. 

The  powerful  and  efficient  mechanism  of  accommodation  pro- 
vides a dioptric  range  unexcelled  by  any  known  animal,  and 
the  presence  of  striated  muscle  in  the  sphincter  iridis  and 
ciliai^y  body  insures  that  this  accommodation  will  be  rapid 
(Walls,  1942).  In  accordance  with  these  anatomical  findings, 
Casteel  (1911)  and  Dudziak  (1955)  report  that  visual  acuity 
is  high  in  both  air  and  water.  This  pertains,  however, 
only  to  the  freshwater  turtles  and,  to  a lesser  extent,  the 
tortoises.  The  vision  of  the  marine  turtles  is  largely  un- 
known, with  the  exception  of  a few  anatomical  and  retino- 
scopic  studies  which  indicate  that  the  loggerhead  turtle 
lacks  the  accommodation  mechanism  of  the  freshwater  turtle, 
and  is  probably  very  myopic  when  the  corneal  surface  is  not 
in  contact  with  water  (Beer,  1898;  Walls,  1942) . 

Behavioral  (Wojtusiak,  1933;  Quaranta,  1952;  Sokol 
and  Muntz,  1966)  and  electrophysiological  (Armington,  1954; 
Forbes  et  al..  1958;  Granda  and  Stirling,  1965,1966)  studies 
of  freshwater  turtles  and  land  tortoises  all  indicate  visual 
sensitivity  over  at  least  the  entire  range  of  the  human 
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visible  spectrum  (approximately  400  to  700  nanometers) , and 
possibly  slightly  farther  into  the  infrared  (Wojtusiak  and 
Mlynarski,1949) . Measurements  of  the  light  absorption  of 
retinal  pigments  of  freshwater  turtles  (Wald  et  al. . 1953) 
support  these  findings.  The  turtle  retina  lacks  a pecten 
(Johnson,  1927) . The  pecten  is  believed  by  some  to  play  a 
role  in  bird  orientation.  The  cone— like  retinal  sensory 
elements  mostly  contain  red,  orange,  yellow,  or  colorless 
oil  droplets  (Strother,  1963;  Peiponen,  1964) , but  the 
relationship  between  these  effective  cut-off  filters  and 
the  spectral  sensitivity  curve  is  not  entirely  understood. 

There  have  been  no  published  studies  pertaining  to 
the  spectral  sensitivity  of  sea  turtles.  If  the  evolution 
of  chelonian  visual  pigments  and  oil  droplets  has  been  as 
responsive  to  the  differences  in  freshwater  versus  the 
marine  photic  environment  as  it  has  in  teleost  fish  (Munz, 
1965;  Wald  et  al.,  1953;  Dartnall  and  Lythgoe , 1965),  we 
might  not  expect  to  find  the  same  strong  red  response  in 
the  green  turtle  that  has  been  observed  in  emydid  species. 
An  increased  sensitivity  to  short  wave  length  light  is  pos- 
sible. Certainly  these  factors  must  be  considered  in  the 
sea-finding  orientation  of  the  green  turtle.  Similarly, 
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an  evaluation  of  the  various  theories  of  sea-finding  (and 
of  celestial  navigation)  in  marine  turtles  should  not  be 
based  on  visual  acuity  data  obtained  in  experiments  with 
Chrysemys  or  Emys . 

In  this  investigation  the  effects  of  the  systematic 
removal  of  natural,  environmental  cues  (Sherif,  1953)  upon 
orientation  performance  have  been  studied  in  the  expectation 
that  a knowledge  of  the  importance  of  specific  cues  would 
lead  to  a better  understanding  of  the  sea-finding  orienta- 
tion process  and  its  supporting  sensory  systems. 


CHAPTER  II 


MATERIALS  AND  METHODS 
The  Turtles 

In  the  series  of  filter  and  prism  experiments  mature, 
female  green  turtles  (Che Ionia  mydas)  , each  v;eighing  between 
150  and  400  pounds,  were  used.  The  turtles  were  taken  at 
night  when  they  emerged  from  the  sea  to  nest.  The  nesting 
process  was  not  interrupted  until  the  final  stages  of  nest 
concealment  were  nearly  completed.  At  this  point  the  turtles 
were  turned  onto  their  backs  to  prevent  their  return  to  the 
sea.  They  remained  on  the  beach  during  the  night.  Early 
the  next  morning  they  were  tested  and  then  were  released. 

Most  turtles  were  tagged  for  future  identification  prior  to 
their  release.  There  was  no  evidence  to  indicate  that  this 
procedure  had  any  ill  effects  upon  the  turtles;  a number  of 
them  were  treated  in  this  way  two  or  three  times  during  the 
nesting  season  without  any  observable  change  in  behavior. 

The  use  of  female  turtles  which  had  just  deposited  eggs 
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provided  the  rare  opportunity  of  working  with  a large  number 
of  animals  which  were  in  a very  similar  physiological  condi- 
tion. 

A young  green  turtle  weighing  37  pounds  and  captured 
in  the  Gulf  of  Mexico  near  Yankeetown,  Florida,  and  an  im- 
mature green  turtle  weighing  2 pounds,  captured  in  Pacific 
waters  near  the  Meurshall  Islands,  were  the  subjects  of  the 
retinoscopic  measurements  of  visual  accommodation  in  air  and 
water.  In  addition,  a mature,  male  wood  turtle  (Clemmys 
insculpta)  from  New  Hampshire , and  two  mature , female  gopher 
tortoises  (Gopherus  polvphemus)  from  Florida  were  examined 
retinoscopically . 

Hatchling  green  turtles,  each  weighing  approximately 
one  ounce,  were  used  in  the  arena  orientation  experiments. 
The  turtles  hatched  from  nests  relocated  in  a protected 
hatchery,  and  were  collected  before  they  had  had  any  oppor- 
tunity to  travel  to  the  sea.  They  were  maintained  in  con- 
tainers filled  with  sea  water  until  the  time  of  testing 
several  days  later.  After  a single  arena  trial  the  hatch- 
lings were  released. 
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The  Beach 

All  orientation  experiments  were  conducted  at 
Tortuguero  Beach,  Costa  Rica,  near  the  mouth  of  the  Tortu- 
guero  River.  This  beach  is  the  principal  nesting  site  of 
the  green  turtle  populations  which  feed  in  the  western 
Caribbean  Sea  and  the  Gulf  of  Mexico.  The  land  along  the 
coast  is  low-lying  and  flat  except  for  a solitary  500- foot 
hill,  Cerro  Tortuguero,  which  rises  abruptly  from  the 
forest  floor  behind  the  river  mouth  and  west-northwest  of 
the  nesting  beach.  The  beach  is  composed  of  fine,  dark 
brown  sand  bordered  by  a strip  of  shrubs  and  trees  (sea 
grape,  beach  plum,  coconut  palms)  which  begins  approximately 
150  to  200  feet  from  the  water's  edge.  The  beach  topography 
is  irregular  and  variable;  the  low  vegetation  includes  rail- 
road vine,  sea  purslane,  and  rush  grass  (Hirth,  1963) . The 
Tortuguero  River  runs  parallel  to  the  shore  line,  thus 
creating  a long,  narrow  peninsula  whose  width  — from  ocean 
to  river  — is  rarely  greater  than  600  feet.  Although  the 
turtles  frequently  are  found  nesting  more  than  150  feet 
inland  in  thick  vegetation  and  well  out  of  sight  of  the  surf, 
the  cocal  strip  usually  prevents  them  from  approaching  the 


river  too  closely. 
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The  Filter  and  Prism  Experiments 

The  sea-finding  orientation  performances  of  adult 
green  turtles  were  evaluated  while  each  of  a variety  of 
colored  and  neutral  density  filters  or  pentagonal  prisms 
were  positioned  over  one  or  both  of  the  turtles'  eyes. 
Alviminum  spectacles,  lightweight  and  adjustable,  held  the 
optical  elements  in  place.  The  spectacles  were  prevented 
from  slipping  forward  by  a piece  of  adhesive  tape  (Figure 
1) . The  turtles  usually  made  no  attempt  to  remove  the 
spectacles . 

The  tests  were  conducted  anywhere  along  the  four- 
mile  stretch  of  beach  starting  at  the  Tortuguero  River  and 
extending  in  a southerly  direction.  Because  of  their  weight, 
the  turtles  were  not  moved  from  the  general  area  of  their 
nest  site.  Those  that  nested  closer  to  the  water  than  45 
feet,  those  emerging  on  a section  of  beach  where  there  were 
logs  and  other  debris,  and  turtles  nesting  where  the  beach 
sloped  directly  downhill  towards  the  water  were  released 
without  being  tested.  Procedure  varied  slightly  according 
to  the  variable  being  measured,  but,  in  general,  the  spec- 
tacles were  applied  just  before  the  animals  were  turned  back 
■'  onto  their  plastrons.  In  the  cases  of  some  filters  a five- 
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FIGURE 
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or  ten— minute  period  of  adaptation  was  provided  prior  to 
turning.  The  animals  when  turned  were  not  headed  in  any 
pre-arranged  direction.  After  the  start  of  the  test  the 
observer  stood  downwind  and  out  of  sight  of  the  turtles, 
and  recorded  the  animals'  tracks  in  relation  to  any  surface 
features  such  as  turtle  nest  pits,  low  shrubs,  and  the 
slope  of  the  beach.  Each  test  was  terminated  when  the 
turtles  reached  the  wave-washed  section  of  the  beach  or 
after  ten  minutes  had  elapsed.  Extra  time  was  allowed  in 
the  event  of  a delay  by  natural  obstacles.  After  the  con- 
clusion of  a test  the  shortest  distance  between  the  starting 
point  and  wave-washed  sand  was  paced  off;  the  eimount  of  this 
distance  actually  covered  by  the  turtle  was  also  measured 
in  this  fashion. 

Ofbsn  turtles  which  had  been  previously  tested  were 
recaptured  during  their  second,  third,  or  fourth  nesting  of 
the  season.  These  turtles,  identifiable  by  tag,  were  used, 
but  not  in  a test  of  the  same  filter  or  prism  combination 
which  they  had  experienced  before.  Occasionally,  when  a 
turtle  was  experimented  with  but  tags  were  not  available  it 
was  assumed  that  that  particular  animal  would  not  return  to 
nest  again  for  at  least  ten  days  (Carr  and  Ogren,  1960) , 
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and  the  series  of  tests  was  scheduled  to  be  completed  before 
the  ten-day  interval  had  elapsed.  In  this  way,  it  was 
rendered  extremely  unlikely  that  the  interpretation  of  any 
single  test  series  would  be  prejudiced  because  an  individual 
turtle  — habitually  fast  or  slow,  erratic  or  direct  — was 
used  more  than  once.  In  those  animals  which  were  tested  in 
more  than  one  series  of  experiments,  the  possibility  of 
learning  was  discounted  because  of  the  small  number  (one  or 
two)  of  previous  experiences  with  the  spectacles,  the  long 
interval  between  these  experiences,  the  probable  difference 
in  terrain  covered,  and  the  use  of  a different  filter  or 
prism  combination.  At  least  155  individual  animals  were 
tested  in  a total  of  206  separate  trials  during  the  summers 
of  1965  and  1966. 

The  prisms  employed  in  these  experiments  were  small, 
silvered  pentagonal  prisms  obtained  from  the  Edmund  Scien- 
tific Company.  These  rotated  the  field  of  view  90  degrees, 
but  unlike  the  simple  right  angle  prisms  in  common  use 
there  was  no  right- left  reversion  of  the  image.  A prism  was 
placed  in  the  prism-holding  spectacles  so  that  the  field  of 
view  of  the  eye  it  covered  was  restricted  to  the  sector  of 
beach  in  front  of  the  animal  rather  than  the  normal  wide 
visual  angle  whose  bisector,  like  that  of  many  non-predatory. 
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herbivorous  animals,  lies  approximately  90  degrees  from  the 
long  axis  of  the  body.  Only  one  eye  at  a time  was  covered 
by  a prism. 

The  Wratten  color  and  neutral  density  filters  were 
obtained  from  the  Eastman  Kodak  Company  in  the  form  of  two- 
inch  sguares  of  dyed  gelatin  cemented  between  two  panes  of 
clear  "B"  glass.  The  clear  filter  control  used  in  the  1965 
series  of  trials  was  made  by  sandwiching  a piece  of  Dennison 
clear  cellophane  between  two  glass  squares.  It  transmitted 
90  per  cent  of  the  incident  light  between  400  nm.  (10 
meters)  and  700  nm.  The  red  cellophane  filter  used  in  1965 
was  made  in  a similar  fashion.  Its  light  transmittance 
characteristics,  as  well  as  those  of  all  the  Kodak  filters 
(listed  by  Kodak  number) , are  shown  in  Figure  2.  The  de- 
polarizing and  diffusing  filter  was  made  with  wax  paper 
(Daumer  et  al . , 1963).  Its  spectral  transmittance  curve, 
modified  slightly  by  increased  scatter  of  short  wave  length 
light,  is  nearly  flat  between  400  nm.  and  700  nm.,  provided 
the  filter  remains  close  to  the  turtle's  eye.  The  Kodak 
neutral  density  filters  also  have  flat  spectral  transmittance 
curves.  Most  of  the  transmittance  data  were  supplied  by 
Kodak  (1965)  and  were  confirmed  with  a Beckman  DU  spectro- 


photometer . 


PER  CENT  TRANSMITTANCE  PER  CENT  TRANSMITTANCE 
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WAVELENGTH  Inm.) 


WAVELENGTH  (nm.) 


FILTER  CHARACTERISTICS 

KODAK  FILTER  NUMBERS  ARE  INDICATED,  DATA 
SUPPLIED  BY  KODAK  - RECHECKED  WITH  BECKMAN 
DU  SPECTROPHOTOMETER. 


FIGURE  2 
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Although  in  the  case  of  the  prism  experiments  and 
several  other  series,  a qualitative  inspection  of  the 
turtles'  paths  was  sufficient  to  permit  an  evaluation  of 
the  orientation  mechanism,  for  the  majority  of  the  tests 
it  was  necessary  to  devise  a quantitative  scoring  method 
of  sea-finding  "success,"  particularly  in  the  tests 
involving  the  use  of  color  filters.  This  scoring  method 
had  to  be  flexible  enough  to  adjust  for  the  difference  in 
magnitude  of  the  locomotor  task  (different  turtles  nested 
at  different  distances  from  the  sea) , and  it  had  to  measure 
variables  that  represented  the  natural  orientation  situation. 
A scoring  system  was  devised  which  included  both  a measure 
of  the  directness  of  the  turtle's  path  to  the  sea,  and  a 
measure  of  the  turtle's  rate  of  progress  in  the  seaward 
direction.  The  score  is  dimensionless  and  is  independent 
both  of  the  distance  the  turtles  had  to  travel  and  of 
whether  the  turtles  actually  reached  the  sea  during  the  test 
period. 

The  rate  of  seaward  progress  was  calculated  by  divid- 
ing the  shortest  straight-line  distance  between  the  starting 
point  and  the  turtle's  closest  approach  to  the  wave-washed 
sand  (measured  on  an  imaginary  line  perpendicular  to  the 


25 


shoreline)  hy  the  time  of  the  test  in  minutes.  This  rate 
was  then  divided  by  the  average  rate  of  the  clear  filter 
control  group  (25  ft ./min.),  in  order  to  express  an  indi- 
vidual's performance  relative  to  the  control  group.  The 
dimensionless  quantity  thus  obtained  varies  between  0.00 
(no  forward  progress)  and  1.00  (as  fast  as  the  average 
control  animal)  or  slightly  higher  in  the  case  of  individual 
turtles.  The  second  part  of  the  score,  a measure  of  direct- 
ness of  path,  was  obtained  by  dividing  the  straight-line 
seaward  distance  (described  above)  by  the  actual  length  of 
the  total  path.  This  quantity,  also  dimensionless,  varies 
between  0.00  (no  forward  progress)  and  1.00  (distance 
traveled  in  a seaward  direction  = total  distance  traveled)  . 
The  two  measures  of  sea-finding  orientation  were  added  to 
give  the  final  orientation  score: 


linear  seaward  distance  (ft.) 
orientation  time  of  test  (min.) 


+ distance  (ft.) 


linear  seaward 


score 


25  ft. /min. 


total  path 
length  (ft.) 


A Kruskal-Wallis  one-way  analysis  of  variance  was 


made  to  test  whether  the  two  components  of  the  orientation 
score  (rate  of  seaward  progress  and  directness  of  path) 
vary  together  under  different  experimental  conditions. 
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There  are  no  significant  differences  (p  = .35)  in  the  ratio 
of  rhese  two  measures  of  sea-finding  performance  among  the 
different  filter  groups.  It  is  therefore  permissible  to 
combine  these  variables  in  a single  orientation  score.  Non- 
par ametric  statistics  were  used  in  the  evaluation  of  the 
filter  experiment  data  because  the  sample  sizes  were  small. 
The  Kruskal-Wallis  test  is  analogous  to  the  parametric  F 
test,  and  the  Mann-Whitney  test  is  analogous  to  the  ^ test 
(Siegel)  1956)  . 


The  Arena  Orientation  Experiments 

The  circular  testing  arena  for  hatchling  turtles 
described  by  Mrosovsky  and  Carr  (in  press)  was  modified  by 
the  addition  of  a low,  circvimferential  wall.  This  arena 
was  used  to  test  the  possible  ability  of  the  hatchlings  to 
orient  towards  the  sea  by  means  of  celestial  or  other  cues 
in  the  absence  of  a view  of  the  surrounding  landscape.  The 
arena,  42  feet  in  diameter,  was  bounded  by  a narrow  trench 
1 foot  deep.  Twelve  wooden  partitions  divided  the  trench 
into  equal  sectors.  The  wall  was  located  immediately  out- 
side the  trench  and  was  1.5  feet  high.  Viewed  from  the 
center  of  the  arena  the  wall  rose  to  an  elevation  of  four 
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degrees  above  the  horizon.  To  minimize  the  possible  effects 
of  the  few  nearby  treetops  which  were  visible  over  the  top 
of  the  wall,  a young  palm  tree  was  planted  outside  the  wall 
®3.ch  of  the  12  positions  indicated  by  a sector  partition. 
The  arena  was  located  on  a portion  of  the  beach  that  sloped 
gently  uphill  in  the  direction  of  the  water  — this  slope 
was  sufficient  to  prevent  any  direct  view  of  the  ocean  from 
the  eye  level  of  the  hatchlings,  even  when  the  wall  had  been 
removed.  At  high  tide  the  waves  advanced  to  within  less  than 
ten  feet  of  the  arena. 

Before  each  orientation  trial  25  turtles  were  brought 
to  the  beach  from  the  hatchery  in  a covered  container.  At 
the  start  of  the  trial  the  turtles  were  deposited  simultane- 
ously in  the  center  of  the  arena  and  were  allowed  to  remain 
facing  in  any  direction  they  assumed  after  touching  the 
sand.  The  experimenter  left  the  arena  and  remained  out  of 
sight,  and  downwind,  until  the  conclusion  of  the  test.  After 
15  minutes  the  number  of  turtles  remaining  in  the  arena  and 
the  number  of  turtles  in  each  sector  of  the  surrounding 
trench  were  recorded  and  the  turtles  were  then  released. 


28 


Light  Intensity  Measurements 

Light  conditions  in  the  arena  immediately  preceding 
or  following  most  of  the  orientation  trials  were  measured 
hy  a portable  photometer  specially  designed  for  this  study 
and  described  elsewhere  (Ehrenfeld,  Elliott,  and  Winney,  in 
preparation) . The  photometer  sampled  incident  light  from 
a conical  segment  of  sky  5.5  degrees  in  radius.  It  was 
mounted  on  an  adjustable  tripod,  and  for  most  measurements 
was  aimed  10-20  degrees  above  the  level  of  the  horizon. 
Measurements  were  also  taken  at  turtle  eye  level  with  the 
photometer  resting  directly  on  the  sand.  Kodak  filters  Nos. 
25A,  58,  and  47,  and  a Bausch  and  Lomb  polarizing  filter, 

HN  32,  could  be  inserted  in  the  light  path.  Sensitivity 
was  adequate  to  allow  operation  of  the  unit  in  moonlight. 

A complete  series  of  measurements  involved  the  use 
of  each  of  the  three  color  filters  and  the  polarizing  filter 
separately.  With  one  of  these  filters  in  place,  intensity 
measurements  were  taken  with  the  photometer  pointed  first 
directly  seaward,  and  then  toward  points  every  60  degrees 
around  the  horizon.  The  points  of  maximum  and  minimum 
intensity  were  also  noted  if  they  did  not  coincide  with  any 
of  the  regular  measurements.  The  polarizing  filter  was 
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oriented  first  so  that  light  from  the  seaward  sky  was  trans 
mitted  maximally, and  then  was  rotated  90  degrees  for  the 
second  set  of  measurements. 

Measurement  of  Visual  Accommodation 

A series  of  measurements  of  visual  accommodation  in 
the  green  turtle  and  two  other  species  was  performed  in  the 
Eye  Clinic  of  the  University  of  Florida  Teaching  Hospital 
by  Dr.  Richard  Copenhaver.  The  measurements  provided  a 
quantitative  determination  of  the  degree  of  hyperopia  (far- 
sightedness) or  myopia  (nearsightedness)  expressed  in 
diopters.  Although  this  work  had  no  connection  with  any 
research  other  than  the  green  turtle  orientation  studies. 
Dr.  Copenhaver  was  kind  enough  to  provide  the  benefits  of 
his  considerable  experience  and  artistry. 

A standard  retinascope  was  used  to  make  the  measure 
ments  (Bennett  and  Francis,  1962).  Retinoscopy  has  long 
been  employed  as  an  objective  way  of  estimating  refractive 
errors  — the  cooperation  of  the  subject  is  not  necessary. 

A mydriatic  drug  was  applied  topically  in  order  to  prevent 
possible  contraction  of  the  turtles ' pupils  in  response  to 
the  light  of  the  retinascope.  Measurements  of  the 
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refractive  error  under  water  were  made  while  the  turtles' 
heads  were  submerged  in  an  aguarium.  The  optical  principles 
remained  essentially  the  same  in  spite  of  the  fact  that  a 
virtual  image  is  seen  when  looking  from  a vantage  point  in 
air  at  objects  under  water.  It  must  be  emphasized  that 
retinoscopy  can  only  supply  information  as  to  whether  paral- 
lel rays  of  light  from  a point  source  can  be  focused  in  the 
plane  of  the  retina;  even  if  the  focal  plane  and  retinal 
plane  are  observed  to  coincide,  additional  data  are  needed 
before  visual  acuity  can  be  determined.  On  the  other  hand, 
if  light  cannot  be  focused  in  the  retinal  plane,  clear 
vision  can  be  said  to  be  extremely  unlikely. 


CHAPTER  III 


RESULTS 

The  Filter  and  Prism  Experiments 

Results  of  most  of  the  daytime  filter  experiments 
are  shown  in  Figure  3.  Orientation  scores  ranged  from  0.00 
to  4.06.  The  majority  of  scores,  however,  fell  he low  2.00 
in  each  experimental  group.  Results  of  the  different  filter 
experiments  were  not  analyzed  statistically  in  those  cases 
where  there  were  less  than  15  animals  in  an  experimental 
group.  The  data  from  all  other  groups  were  tested  to  deter- 
^Aether  tnere  was  greater  than  chance  variation  in 
orientation  scores  among  groups  in  the  total  experimental 
population  (Kruskal—Wallis  test) . Even  with  the  blind- 
folded group  removed  from  the  population,  there  were  signif- 
icant differences  among  groups  (p<.001).  The  sea-finding 
performances  of  seven  experimental  groups  were  compared 
separately  with  the  performance  of  the  clear  filter  c'ontrol 
group  (Mann-Whitney  U test) . The  seven  filter  groups  were: 
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REPRESENTS  ONE  ORIENTATION  TEST  RESULT 
except  WHERE  INDICATED  BY  NUMBER.  KODAK 
FILTER  NUMBERS  ARE  SHOWN  IN  PARENTHESES. 
ARROWS  INDICATE  MEDIAN  SCORES. 


FIGURE  3 
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blindfold,  wax  paper,  neutral  density  (40  per  cent  trans- 
mittance), pre-adapted  neutral  density,  red  cellophane, 
green  (Kodak  number  58) , and  blue  (Kodak  number  47) . 

There  was  no  overlap  between  the  scores  of  the 
blindfolded  turtles  and  those  of  the  turtles  wearing  clear 
cellophane  filters.  Ten  of  the  16  blindfolded  animals 
made  no  progress  towards  the  water  during  their  ten-minute 
test  periods.  Blindfolded  animals  seemed  hesitant  to  move, 
even  when  only  inches  from  the  wave-washed  sand.  Their 
paths  (Figure  4)  were  irregular  and  contained  frequent 
loops  and  turns.  At  times,  blindfolded  turtles  craned  their 
necks  in  an  unusual,  peering  fashion;  some  reverted  to  in- 
appropriate nest-covering  behavior  or  pounded  the  earth 
with  their  front  flippers.  In  contrast,  the  members  of  the 
clear  filter  control  group  all  reached  the  sea  in  ten 
minutes  or  less.  Their  paths,  except  for  short,  initial 
segments,  were  generally  quite  direct  (Figure  5) . 

Of  "the  various  filters  tried  only  the  infrared 
(Kodak  89B)  reduced  sea- finding  performance  to  the  level  of 
that  of  the  blindfolded  animals;  the  other  filters  all  per- 
mitted sea- finding  to  some  degree,  although  efficiencies,  as 
measured  by  the  orientation  score,  varied  widely.  The 
scores  of  the  turtles  wearing  red  cellophane  filters  were 
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SEA-FINDING  ORIENTATION  PATHS  OF  FIVE  BLIND- 
FOLDED TURTLES.  sample  paths  selected  at 

RANDOM  FROM  THE  SERIES  OF  BLINDFOLD  TESTS. 
PATHS  SHOWN  AS  IF  ORIGINATING  FROM  A SINGLE 
STARTING  POINT  FOR  PURPOSE  OF  COMPARISON. 

INSERT  SHOWS  PATHS  SEPARATELY. 


FIGURE  4 
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SEA-FINDING  ORIENTATION  PATHS  OF  TEN  TURTLES 
WITH  CLEAR  FILTERS  OVER  BOTH  EYES 


FIGURE  5 
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significantly  lower  (p  <.001)  than  those  of  the  control 
group.  Kodak  filter  25A,  which  was  similar  in  spectral 
transmittance  to  the  red  cellophane  except  for  a consider- 
able increase  an  short  wave  length  absorption,  appeared  to 
have  had  a similar  effect  upon  sea-finding  performance. 

The  two  deeper  red  filters  (Kodak  29,  92)  reduced  scores 
further.  It  was  also  the  impression  of  the  experi- 
menter that  these  animals  were  not  able  to  orient  as  well 
as  those  with  red  cellophane  or  25A  filters.  At  the  other 
end  of  the  human  visible  spectrum  the  blue  filters  (Kodak 
47)  also  caused  a reduction  in  sea-finding  orientation, 
although  this  reduction  was  small  and  the  difference  be- 
tween these  scores  and  those  of  the  control  animals  was 
barely  significant  (p  = .05) . The  ultraviolet  filter  (18A) , 
opatjue  to  humans , did  not  appear  to  produce  any  obvious 
additional  reduction  in  scores. 

The  scores  of  the  wax  paper  filter  group  indicate 
that  depolarization  and  diffusion  of  all  incident  light  did 
not  significantly  impair  the  adult  green  turtle's  sea- 
finding ability.  However,  a 60  per  cent  reduction  in  the 
intensity  of  the  incident  light  caused  a significant 
(p  <.01)  lowering  of  orientation  scores.  This  decrease  was 
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eliminated  by  allowing  the  turtles  to  adapt  to  the  neutral 
density  filters  for  ten  minutes  before  the  test  began. 

Scores  of  the  pre— adapted  animals  were  not  different  from 
those  of  the  control  series,  and  were  significantly  higher 
(p<.01)  than  the  test  results  of  the  turtles  that  were  not 
allowed  to  pre-adapt  to  their  neutral  density  filters. 

Most  of  the  filter  experiments  were  performed  in 
the  early  morning  rather  than  at  night  because  of  the  in- 
creased prevalence  of  night-time  rains,  and  because  on  moon- 
less or  cloudy  nights  the  filters  reduced  total  light  input 
below  the  turtles'  visual  threshold.  However,  in  order  to 
test  hypotheses  concerning  the  color  vision  of  the  green 
turtle  and  the  importance  of  blue  light  as  a sea-finding  cue, 
orientation  trials  were  held  on  the  nights  of  August  29  and 

1966,  by  the  light  of  the  full  moon  shining  in  a nearly 
cloudless  sky. 

In  the  first  of  the  night  orientation  trials  the 
feasibility  of  such  tests  under  prevailing  lighting  condi- 
tions was  determined  by  using  neutral  density  filters  of  40 
per  cent  transmittance.  The  orientation  score  of  the  turtle 
was  high  (1.42),  and  its  extremely  direct  seaward  heading 
was  maintained  for  105  feet.  On  the  basis  of  this  single 
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orientation  performance  it  was  decided  that  additional 
tescs  with  color  filters  could  provide  useful  information. 
In  three  trials  wirh  red  filter  25A  the  scores  were  1.10, 
1.13,  and  1.18.  Two  trials  with  red  filter  29  yielded 
scores  of  0.82  and  0.00.  Two  trials  with  red  filter  92 
yielded  scores  of  0.22  and  0.00.  The  score  of  one  trial 
with  the  ultraviolet  filter  18A  was  1.16.  Orientation 
performances  of  animals  wearing  the  25A  filters  were  not 

noticeably  different  from  those  of  turtles  in  daytime  tests 
with  the  same  filter. 

Unilateral  blindfolding  of  adult  green  turtles  re- 
sulted in  circus  movementsl  towards  the  side  of  the  eye  that 
was  not  blindfolded,  in  four  of  five  animals  tested.  The 
turtles  pivoted  in  one  place  or  turned  in  circles  with  a 
radius  of  two  or  three  feet.  Turning  continued  for  the  full 
ten-minute  test  period  at  the  rate  of  one  turn  every  one  to 
two  minutes.  One  turtle,  with  a blindfold  over  the  left  eye, 
pivoted  in  a clockwise  direction  for  ten  minutes;  at  the  end 
of  this  period  the  blindfold  was  shifted  to  the  right  eye 
and  the  turtle  pivoted  in  a counterclockwise  direction  for  an 
additional  ten  minutes.  The  fifth  turtle  moved  in  a broad 


Continuous  turning  movements  se 
of  animal  orientation  (Fraenkel  and  Gunn 


in  certain 
1961) . 
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curved  away  from  the  side  of  the  blindfolded  eye, 
but  it  made  some  progress  towards  the  sea  during  the  test 
period. 

r igures  6 and  7 show  the  effects  of  reducing  but  not 
completely  eliminating  the  light  input  to  one  eye.  Although 
in  several  cases  there  was  some  initial  circling  towards  the 
unaffected  side,  the  paths  differed  from  the  unilateral 
blindfold  results  in  that  all  turtles  made  some  progress 
towards  the  sea.  Most  of  the  paths  did  not  lead  directly  to 
the  water,  but  deviated  towards  the  side  of  the  uncovered 
eye.  The  angle  of  deviation  usually  decreased  as  each 
experiment  progressed.  Paths  of  ten  turtles  wearing  neutral 
density  filters  of  40  per  cent  transmittance  over  both  eyes 
are  compared  in  Figure  8.  Sea-finding  performance  was  re- 
duced in  this  group,  but  the  path  headings  can  be  seen  to 
cluster  symmetrically  around  the  most  direct  seaward  path. 

The  results  of  13  experiments  in  which  the  field  of 
view  of  one  eye  was  altered  with  a pentagonal  prism  are 
shown  in  Figures  9 and  10.  The  eye  covered  by  the  prism  had 
a field  of  view  that  was  rotated  90  degrees  towards  the 
landscape  in  front  of  the  turtle.  Again,  orientation  was 
in  a generally  seaward  direction,  but  most  of  the  turtles 
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SEA-FINDING  ORIENTATION  PATHS  OF  FIVE  TURTLES 
WITH  A ONE  PER  CENT  TRANSMITTANCE  NEUTRAL 
DENSITY  FILTER  OVER  THE  RIGHT  EYE 


FIGURE  6 
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FEET 

SEA-FINDING  ORIENTATION  PATHS  OF  FIVE  TURTLES 
WITH  A ONE  PER  CENT  TRANSMITTANCE  NEUTRAL 
DENSITY  FILTER  OVER  THE  LEFT  EYE 


FIGURE  7 
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feet 

SEA-FINDING  ORIENTATION  PATHS  OF  TEN  TURTLES 
with  forty  per  CENT  TRANSMITTANCE  NEUTRAL 
DENSITY  FILTERS  OVER  BOTH  EYES 


FIGURE  8 
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SEA-FINDING  ORIENTATION  PATHS  OF  FIVE  TURTLES 
WITH  A PENTAGONAL  PRISM  OVER  THE  RIGHT  EYE. 

the  prism  rotates  the  field  of  view 
90  DEGREES  COUNTERCLOCKWISE  IN  THE 
PLANE  PARALLEL  TO  THE  GROUND  (SEE 
INSERT  ). 


FIGURE  9 
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SEA-FINDING  ORIENTATION  PATHS  OF  EIGHT  TURTLES 
WITH  A PENTAGONAL  PRISM  OVER  THE  LEFT  EYE. 

the  prism  rotates  the  field  of  view 
90  degrees  clockwise  in  the  plane  ' 

PARALLEL  TO  THE  GROUND. 


FIGURE  10 
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did  not  head  directly  for  the  water.  However,  with  the 
pentagonal  prism  over  the  left  eye,  deviations  were  both  to 
the  right  and  left  of  the  midline.  Sea- finding  orientation 
was  clearly  disturbed,  but  the  pattern  of  the  disturbance 
was  not  as  predictable  and  straightforward  as  in  the  above 
experiment  with  unilateral  reduction  of  incident  light 
intensity. 


The  Arena  Orientation  Experiments 

i 

I 

The  results  of  the  arena  orientation  experiments 
with  hatchling  green  turtles  are  shown  in  Figures  11  and  12. 
It  is  evident  that  regardless  of  the  time  of  day,  weatLr 
conditions,  or  the  position  of  the  sun  or  moon,  there  was  a 
greater  tendency  for  the  hatchlings  to  choose  a wide  variety 
of  compass  headings  in  the  presence  of  the  wall  than  without 
It.  When  the  wall  was  removed  a large  majority  of  turtles 
oriented  in  a seaward  direction.  The  lengths  of  the  mean 
vectors,  r,  calculated  according  to  the  method  of  Batschelet 
(1965) , indicate  the  degree  of  clumping  of  individual  compass 
headings.  All  mean  vectors  of  tests  in  the  walled  arena 
were  shorter  than  the  shortest  vector  in  the  unwalled  series 
of  tests.  In  the  presence  of  the  wall,  the  hatchlings 


Figure  11.  Arena  tests  of  sea-finding  orientation. 

The  location  and  compass  orientation  of 
all  diagrams  are  shown  at  upper  left. 
Sector  numbers  correspond  to  those  in 
the  text.  Dots  on  the  circumference  of 
the  circle  indicate  the  location  and 
number  of  turtles  completing  the  test. 
Arrows  represent  the  mean  vectors.  In 
some  tests  photometer  measurements  of 
incident  light  intensity  were  taken;  the 
azimuth  direction  of  the  portion  of  the 
sky  where  illumination  was  at  a maximum 
is  shown  by  a solid  line  within  the  cir- 
cumference of  the  circle.  Dashed  lines 
indicate  the  regions  of  minimum  intensity. 
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EXPERIMENTS  IN  UNWALLED  ARENA 


H40-I1  55 
CLOUDY,  LT.  rain 


15-14  - 15  29 
PARTLY  CLOUDY 


12-7-65 
17  25-1740 
partly  cloudy 


2203-22  18 
CLEAR 

MOON  NEAR  ZENITH 


12-6,7-65 

2355-24:10 

CLEAR 

SETTING  MOON 


FIGURE  II 


Figure  12.  Walled  arena  tests  of  sea-finding  orienta- 
tion. The  location  and  compass  orientation 
of  all  diagrams  correspond  to  the  reference 
circle  in  Figure  11.  For  meaning  of  symbols 
see  that  figure. 
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I2-4-65 

7:00-7:15 

Warily  cloudy 


EXPERIMENTS  IN 


12-5-65 
7 23-7:36 
CLEAR 


WALLED  ARENA 


12-6-65 
1145  - 12:00 
PARTLY  CLOUDY 


12-3-65 
U 50  - 12:05 
LT  OVERCAST 


12-5-65 
12:15  - 12:30 
PARTLY  Cloudy 


12-5-65 
15:32-  15:47 
CLEAR 


12-5-65 
16  55  - I7:|0 
CLEAR 


12-2-65 
16  50  - 17:13 
CLOUDY,  LT.  rain 


12-1-65 
17:00  - I7:i5 
PARTLY  CLOUDY 


12-3-65 
17:35-17:50 
PARTLY  aOUOY 


2005  - 20  20 
CLOUDY 

MOON  NEAR  ZENITH 


12-5-65 
2145-  2200 
CLEAR 

MOON  NEAR  ZENITH 


12-3-65 

22:10-2226 

CLEAR 

SETTING  MOON 


partly  CLOUDY 
SETTING  MOON 


12-6-65 
435-4  50 
CLEAR 
NO  MOON 


FIGURE  12 
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appeared  to  avoid  moving  in  a westerly  and  northwesterly 
direction;  few  turtles  were  found  in  these  sectors  of  the 
peripheral  trench.  In  the  series  of  trials  without  the  wall 
there  was  a slight  but  consistent  eastward  deviation  from 
a true  seaward  heading.  There  was  no  apparent  correlation 
between  the  degree  of  cloud  cover  and  the  length  or  heading 
of  the  mean  vectors . 

In  Table  1 the  data  from  all  the  walled  arena  tests 
and  those  from  all  the  unwalled  arena  tests  are  treated  as 
if  there  were  only  these  two  categories  of  experimental  con- 
ditions. Turtles  that  fell  into  the  seaward  semicircle  of 
the  trench  (sectdrs  1,  2,  3,  10,  11,  and  12)  were  scored 
together,  as  were  those  that  moved  in  a generally  landward 
direction  (sectors  4 through  9) . In  the  presence  of  the 
wall,  approximately  equal  numbers  of  animals  chose  the  sea- 
ward and  landward  directions,  whether  the  result  was  ex- 
pressed as  a percentage  of  the  25  hatchlings  initially 

i^^  the  arena  or  as  a percentage  of  the  hatchlings 
that  moved  far  enough  to  be  caught  in  the  trench.  Removal 
of  the  wall  caused  most  of  the  turtles  to  orient  in  the 
direction  of  the  seaward  semicircle.  At  no  time  during 
these  tests  was  the  sea  visible  to  the  turtles.  The  wall 


TABLE  1 

RESULTS  OF  THE  ARENA  TESTS  OF  SEA-FINDING 
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inhxbited  movement  of  the  hatchlings  at  night;  56  per  cent 
did  not  travel  far  enough  to  reach  the  trench,  and  most  of 
these  did  not  appear  to  have  moved  at  all  during  the  15- 
minute  test  period.  These  sarae  inactive  hatchlings,  when 
placed  on  the  sand  outside  the  arena  after  the  test,  moved 
quickly  and  directly  to  the  sea. 

Light  Intensity  Measurements 

Results  of  the  photometer  measurements  taken  inside 
the  arena  before  or  after  a number  of  the  orientation  tests 
are  also  indicated  in  Figures  11  and  12.  The  compass  direc- 
tion of  the  area  of  maximum  intensity  of  illumination  at  a 
level  ten  degrees  above  the  horizon  is  indicated  by  a solid 
line  within  the  circvimference  of  several  orientation  dia- 
grams. Dashed  lines  show  azimuth  directions  of  least  bright 
illumination.  Although  separate  measurements  were  made  with 
an  assortment  of  colored  and  polarizing  filters  (described 
in  Materials  and  Methods  section)  the  maxima  and  minima  of 
the  individual  measurements  in  a series  tended  to  coincide, 
within  the  limits  imposed  by  shifting  cloud  conditions  and 
the  precision  of  the  photometer,  itself;  therefore  these 
maxima  and  minima  are  expressed  in  every  case  as  single. 
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composite  readings.  The  direction  of  the  maximum  (and  min- 
imum) light  intensity  was  not  fixed.  It  appeared  to  vary 
with  the  position  of  the  sun  or  moon  and  with  the  position 
of  clouds.  The  preferred  orientation  directions  taken  by 
the  hatcnlings  aid  not  necessarily  coincide  with  the  direc- 
tions of  these  observed  maxima  (or  minima)  . On  several 
occasions,  the  intensity  measurements  were  made  with  the 
phonometer  resting  on  the  sand  and  pointing  at  the  horizon. 
In  each  case  the  maximum  intensity  readings  were  recorded 
when  the  phototube  was  pointing  in  a seaward  direction,  the 
minimum  readings  were  observed  when  the  machine  was  aimed 
at  nhe  higher  land  elevations  and  foliage  in  the  opposite 
direction.  The  results  of  one  such  series  of  measurements 
are  shown  in  the  circle  diagram  for  the  unwalled  arena  test 
of  12/7/65  (15:14  - 15:29  hours)  . 

The  light  intensity  measurements  at  Tortuguero  were 
sufficient  to  indicate  the  zones  of  maximum  and  minimum 
intensity  of  short  and  long  wave  length  light,  but  not  the 
ratio  of  the  intensities  at  any  given  direction.  Supple- 
mental measurements  of  beach  light  intensity  were  made  at 
Matanzas  Beach,  on  the  Atlantic  coast  of  Florida.  This 
beach  is  frequented  by  nesting  loggerhead  turtles  and  has 
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been  used  by  green  turtles  in  the  past.  There  are  no  houses 
or  street  lamps  in  the  vicinity,  but  a few  lights  could  be 
seen  to  the  north  at  a distance  of  several  miles.  Unlike 
Toruuguero,  the  sand  is  white.  Measurements  were  made  at 
night  xn  early  October  when  loggerhead  and  green  turtle 
hatchlings  normally  emerge  from  their  nests  in  this  locality. 
The  moon  was  two  days  past  full  and  during  the  time  of  the 
tests  was  over  the  water.  The  intensities  of  red  (Kodak  25A 
filter)  and  blue  (Kodak  47  filter)  light  in  the  seaward  and 
lanoward  directions  and  in  the  directions  90  degrees  from 
these  positions  were  recorded.  Readings  were  taken  with  the 
photometer  at  an  angle  aimed  20  degrees  above  the  horizon 
and  then  parallel  with  the  ground.  Results  for  each  position 
(Table  2)  are  expressed  as  ratios  of  the  red  to  the  blue 
readings.  The  decreased  sensitivity  of  the  IP21  phototube 
to  long  wavelength  light  explains  why  these  ratios  were  all 
considerably  smaller  than  1.00.  The  figures  do  not  support 
the  hypothesis  that  the  contribution  of  blue  light  to  the 
total  incident  light  is  proportionally  greater  in  the  direc- 
tion of  the  sea.  The  ratios  varied  greatly  with  changes  in 
cloud  positions.  It  does  not  appear  possible  to  make 
specific  determinations  of  compass  direction  or  seaward 
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TABLE  2 

RATIOS  OF  MEASUREMENTS  OF  RED/BLUE ' LIGHT  INTENSITY 

AT  MATANZAS  BEACH 


Azimuth 

Direction 

of  Measured 

Light 

0° 

(Seaward) 

90° 

(South) 

180° 

(Landward) 

270° 

(North) 

Photometer  aimed 
parallel  to  the 
ground 

.120 

.105 

.113 

.090 

.107 

.124 

Photometer  aimed 
2QO  above  the 
horizon 

.100 

.097 

.099 

.083 

.083 

.375 

location  based  on  a knowledge  of  the  intensity  of  red  and 
blue  lignt  from  any  given  direction. 


Measurement  of  Visual  Accommodation 

Refractive  errors  of  three  species  of  turtle  were 
measured  with  a retinascope  (Table  3).  Only  the  wood  turtle, 
a member  of  a semi-aquatic,  freshwater  species,  was  emmetropic 
in  both  air  and  water . The  rate  of  accommodation  was  ex- 
tremely rapid  too  fast,  in  fact,  to  be  determined  by  the 
technique  used.  The  gopher  tortoises,  terrestrial  animals, 
were  slightly  hyperopic  in  air;  a small  amount  of  accommodation 
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TABLE  3 

REFRACTIVE  ERRORS  (IN  DIOPTERS)  OF  THREE  SPECIES 
OF  TURTLE  MEASURED  IN  AIR  AND  WATER 


Air 

Water 

Che Ionia  mydas 

40 

0 

40 

0 

Clemmys  insculpta 

0 

-0.75 

Gopherus  polyphemus 

-5.5 

-45  to  -50 
-45  to  -50 

would  serve  to  bring  both  near  and  distant  objects  into 
reasonably  sharp  focus  on  the  retina.  In  water,  the 
hyperopia  of  the  gopher  tortoises  was  increased  tremendously. 
In  contrast,  the  underwater  vision  of  the  green  turtle  did 
not  appear  to  be  limited  by  refractive  error;  two  animals 
were  approximately  emmetropic  when  submerged  in  an  aquarium. 
However,  these  turtles  were  so  myopic  in  air  that  it  is  ex- 
tremely unlikely  that,  so  long  as  the  turtles  remain  on  land, 
their  eyes  can  serve  as  anything  more  than  simple  light 
receptors.  Gross  and  microscopic  examination  of  sections 
of  eyes  of  the  green  turtle  and  the  hawksbill  (Eretmochelvs 
imbricata)  supported  the  conclusions  of  Walls  (1942) , based 
upon  an  anatomical  study  of  the  eye  of  the  loggerhead 
turtle,  that  marine  turtles  lack  most  of  the  efficient 
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acconunodat ion  itiechanisms  found  in  freshwater  turtles.  Un- 
like the  latter  group,  there  was  no  apparent  expansion  of 
the  sphincter  iridis  striated  luuscle  into  a powerful  muscle 
of  accommodation;  and  the  ciliary  processes  did  not  impinge 
upon  the  body  of  the  lens. 


CHAPTER  IV 


DISCUSSION 


Environmental  Cues  Involved  in 
Sea-Finding 

Hatchling  and  mature  green  turtles  can  use  environ- 
mental cues  to  orient  themselves  towards  the  sea  both  at 
night  and  by  day,  often  when  the  water  is  hidden  from  view. 
The  results  of  the  filter  and  arena  experiments,  the 
retinoscopy  data,  and  the  measurements  of  incident  light 
permit  a systematic  elimination  from  consideration  of  cues 
which  play  little  or  no  role  in  sea- finding,  and  help  to 
identify  and  characterize  the  cues  that  are  most  important. 

The  results  of  the  various  orientation  tests  lend 
little  support  to  the  hypothesis  that  non-visual  cues  play 
a major  role  in  sea— finding.  Odor,  sound,  and  humidity 
gradients  have  previously  been  ruled  out  on  the  basis  of 
good  indirect  and  direct  evidence  (Hooker,  1911;  Noble  and 
Breslau,  1938;  Daniel  and  Smith,  1947a, b) . For  example, 
it  has  been  shown  that  orientation  is  disrupted  by  placing 
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hatchlings  in  shallow  pits,  which  would  not  he  expected  to 
alter  the  directionality  of  the  sound  of  the  surf,  and  that 
hatchlings  do  not  deviate  from  a seaward  heading  to  approach 
nearby  tide  pools.  Furthermore,  placing  the  turtles  in 
tide  pools  does  not  interrupt  or  alter  sea-finding.  In  our 
experiments  with  green  turtles,  rhe  blindfold  test  results 
and  the  walled  arena  test  results  provide  additional  in- 
direct evidence  of  the  primacy  of  visual  cues.  Neither  the 
wall  nor  the  blindfolds  would  be  expected  to  reduce  the 
informational  content  of  the  non-visual  cues,  although  it 
is  conceivable  that  a sudden  cessation  of  visual  input 
might  affect  orientation  behavior  coupled  with  other  sensory 
systems.  However,  the  evidence  against  this  possibility  is 
strengthened  considerably  by  the  results  of  the  orientation 
trials  in  which  there  was  a unilateral  reduction  of  light 
input  by  means  of  a neutral  density  filter  placed  over  one 
eye . Here  a predictable  alteration  in  orientation  behavior 
was  directly  related  to  an  alteration  of  visual  cues.  The 
inference  is  that  sea-finding  motivation  is  not  only  un- 
likely in  the  absence  of  visual  input,  but  that  the  direc- 
tional choice  made  by  the  turtles  is  based  largely  upon 
information  contained  in  the  visual  input. 
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The  force  of  gravity  remains  as  the  only  other 
type  of  environmental  cue  that  has  not  been  clearly  ruled 
out  as  an  important  aid  in  water-finding.  Its  role  has  been 
^if^icult  to  evaluate  from  previous  work,  in  part  because  of 
an  apparent  inconsistency  in  the  definitions  of  positive  and 
negative  geotaxis.  Nonetheless  it  is  clear  that  no  experi— 
i^sj^ters  in  this  field  have  thought  that  positive  geotaxis 
(a  tendency  to  orient  downhill)  was  more  than  a secondary 
consideration  in  water- finding . In  my  blindfold  tests  with 
adult  green  turtles  it  was  not  possible  to  predict  the  direc- 
tion a turtle  would  follow  from  the  slope  of  the  ground.  On 
several  occasions,  blindfolded  animals  walked  uphill  away 
from  the  sea  even  after  wandering  onto  the  wave -washed  sand^ 
Since  in  the  normal  course  of  sea-finding  orientation  both 
positive  and  negative  geotaxis  may  be  appropriate  at  differ- 
ent times,  it  is  obvious  that  geotaxis  alone  is  not  suffi- 
cient to  guide  turtles  directly  to  the  water.  It  may,  how- 
ever, reinforce  motivation  at  certain  stages  of  the  process  — 
particularly  at  the  end  — when  used  in  conjunction  with 
visual  orientation.  Apart  from  geotaxis,  other  non-visual 
environmental  cues  such  as  the  earth's  magnetic  field  and 
the  more  mysterious  "X-orientation"  stimulus  of  Groot  (1965) 
cannot  be  directly  eliminated;  but  there  seems  no  necessity 
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to  invoke  them  in  the  face  of  the  simpler  solution  provided 
by  visual  orientation  and  discussed  in  the  following  para- 
graphs of  this  section. 

The  most  straightforward  visual  sea- finding  cue  is 
the  sight  of  the  sea,  itself;  it  certainly  must  be  involved 
in  the  final  stages  of  the  journey.  Daniel  and  Smith 

, in  the  belief  that  female  loggerhead  turtles 
never  travel  more  than  75  feet  from  the  water,  and  that 
they  always  nest  in  sites  where  there  is  a direct  view  of 
the  sea,  proposed  that  a response  to  the  glitter  of  the 
surf  would  account  for  the  entire  sea— finding  process. 

They  interpreted  the  results  of  an  experiment  in  which 
hatchlings  placed  in  a shallow  pit  were  disoriented  as  a 
confirmation  of  their  hypothesis.  Although  there  is  no 
reason  to  doubt  the  results  of  the  pit  experiment,  these 
results  are  open  to  a number  of  interpretations  (see  dis- 
cussion of  walled  arena  experiments) , and  do  not  neces- 
sarily confirm  the  direct  view  hypothesis.  Furthermore, 
Caldwell  et  al . (1959) , in  an  extensive  study  of  the  nest- 

ing habits  of  loggerhead  turtles,  reported  instances  of 
turtles  nesting  behind  sand  dunes,  presumably  out  of  sight 
of  the  sea.  Observation  of  nesting  green  turtles  also 
failed  to  support  the  statements  of  Daniel  and  Smith;  on 
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many  occasions  green  turtles  traveled  several  hundred  feet 
from  the  water  and  nested  behind  trees  and  low  elevations, 
often  in  places  where  the  sea  was  not  visible  to  a man  of 
average  height. 

theories  of  sea— finding  are  grounded  in  the 
tacit  assumption  that  marine  turtles  have  reasonably  good 
vision  while  on  land.  Parker  (1922)  stated  that  turtles 
returning  to  the  sea  were  oriented  away  from  the  finely 
structured  background  containing  leaves,  branches,  and  other 
objects  with  sharp  outlines.  At  least  one  aspect  of  celes- 
tial orientation  at  night  — the  perception  of  stars  — — 
also  implies  a visual  system  capable  of  resolving  distant 
points  of  light.  There  is  good  evidence  provided  by  Casteel 
(1911)  and  Dudziak  (1955)  that  freshwater  turtles  may  be 
capable  of  seeing  tree  branches  and  of  star-gazing  while  on 
land;  indeed  Dudziak  gives  the  angle  2 '51"  as  the  limit  of 
resolving  power  of  the  eye  of  the  European  pohd  turtle,  and 
provides  the  surprising  information  that  this  is  four  times 
smaller  than  the  limiting  angle  for  the  lizard,  Lacerta 
aqilis . The  anatomy  underlying  this  remarkable  ability  to 
see  well  in  both  air  and  water  has  been  well  worked  out  by 
Walls  (1942)  and  others.  The  curvature  of  the  unusually 
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soft  lens  of  the  freshwater  turtle  can  be  tremendously  al- 
tered by  the  sphincter  muscle  of  the  iris  and  by  the  ciliary 
musv-ulature  exerting  force  through  ciliary  processes  which 
are  rn  direct  contact  with  the  annular  pad  of  the  lens. 

There  are  indications,  dating  back  to  the  work  of 
Beer  (1898)  , that  loggerhead  turtles  lack  these  iris  and 
*^tliary  modifications  which  allow  acute  vision  in  air,  and 
that  they  consequently  are  myopic  on  land.  Walls  (1942) 
confirmed  these  findings  and  sp>eculated  that  they  apply  to 
marine  turtles  in  general.  In  the  case  of  green  turtles, 
the  results  of  both  the  wax  paper  filter  experiments  and  the 
retinoscopic  measurements  reported  above  tend  to  support 
Walls'  speculation,  and  to  reject  the  notion  that  the  visual 
cue  involved  in  sea-finding  can  be  perceived  only  by  an  eye 
which  is  capable  of  forming  sharp  images.  Even  if  the 
turtles  had  been  capable  of  responding  to  the  outlines  of 
foliage,  the  wax  paper  rendered  this  impossible  — — yet  there 
was  no  significant  reduction  in  orientation  scores.  Examina- 
tion of  the  retinoscopy  data  supplies  the  reason.  Green 
turtles  are  indeed  so  myopic  on  land  that  wax  paper  does  very 
little  to  alter  the  quality  of  the  image  that  they  normally 
perceive . 

The  possibility  remains  that  an  animal  incapable  of 
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seeing  stars  can  perform  celestial  orientation  at  night, 
whether  by  means  of  the  moon  or  via  some  other,  as  yet 
understood,  cue.  Carr  and  Ogren  (1960),  as  one  of  a long 
series  of  manipulations  to  test  the  sea-finding  sense  in 
different  landscapes,  flew  hatchlings  across  the  isthmus 
and  released  them  behind  a dune  crest  on  a Pacific  beach. 
They  showed  no  tendency  to  take  the  inappropriate  eastward 
heading,  one  which  celestial  compass  guidance  would  have 
given  them,  but  went  instead  to  the  Pacific  surf.  This 
contrasts  with  Fischer's  report  (1964)  of  both  a sun  compass 
sense  and  a celestially  determined  direction  preference  in 
Tortuguero  green  turtle  hatchlings;  but  in  that  case  the 
preferred  direction  (southwest) , in  addition  to  being  in- 
appropriate for  sea-finding  at  Tortuguero,  was  selected  by 
turtles  already  in  water.  The  direction  preference  shown 
by  Fischer's  turtles  may  have  been  environment— dependent , 
and/or  it  may  have  been  a natural  result  of  ontogenetic 
changes  in  orientation  behavior. 

The  results  of  my  walled  and  unwalled  arena  experi— 
J^®rits  reduce  even  more  the  likelihood  that  celestial  cues 
are  involved  in  sea-finding.  Although  the  entire  sky,  with 
the  exception  of  that  portion  less  than  four  degrees  above 
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the  horizon,  was  visible  to  hatchlings  in  the  walled  arena, 
their  orientation  was  thoroughly  disrupted.  Sun  and  moon 
orientation  thus  seem  to  be  ruled  out.  This  would  appear 
to  leave  only  those  visual  cues  confined  to  the  region  of 
the  horizon;  polarized  light  and  blue  light  produced  by 
reflection  from  the  ocean  surface,  and  the  land  profile, 
itself,  which  is  lower  and  more  open  in  the  direction  of 
the  water.  However,  it  must  be  stated  that  the  arena  orien 
tation  experiments  do  not  preclude  the  existence  of  some 
general  celestial  directional  stimulus  — unrelated  to  the 
presence  of  the  ocean  — , which  is  located  immediately  above 
the  horizon.  In  fact,  Kramer  (1959)  and  Wallraff  (1966), 
working  with  migratory  birds  raised  in  walled  arenas,  have 
presented  indirect  evidence  that  seemingly  supports  this 
possibility. 

In  addition  to  diffusing  transmitted  light,  wax 
paper  depolarizes  it.  Turtles  wearing  wax  paper  filters 
over  their  eyes  cannot  be  using  the  polarization  pattern  of 
incident  light  as  a source  of  directional  information. 
Therefore  the  results  of  the  wax  paper  filter  experiments 
eliminate  another  possible  cue  as  a major  factor  in  sea- 
f ^ consideration  of  the  nature  of  the  polarized 
light  at  a beach  allows  the  same  conclusion.  In  order  to 
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be  partially  polarized  the  light  must  be  reflected  from  the 
surface  of  the  water;  in  other  words,  one  must  be  looking 
directly  at  the  water  to  detect  the  polarized  light.  Light 
which  has  been  reflected  upwards  and  then  scattered  back  to 
the  eye  of  an  observer  out  of  sight  of  the  sea  will  have 
lost  its  polarization  pattern.  This  was  confirmed  by  the 
photometer  measurements  of  polarized  light.  Since  green 
turtles,  as  has  already  been  stated,  orient  towards  the  water 
when  it  is  not  in  direct  view  it  would  have  been  surprising 
if  the  wax  paper  depolarization  of  incident  light  had  had  a 
significant  effect  upon  sea-finding. 

The  results  of  the  various  red  filter  experiments 
lead  to  the  conclusion  that  blue  light  (Hooker,  1911)  plays 
no  special  role  in  the  orientation  of  Chelonia  while  on  land. 
Although  orientation  scores  of  turtles  wearing  red  cellophane 
filters  were  significantly  higher  than  those  of  the  blind- 
folded group,  the  three  per  cent  transmittance  of  short  wave 
length  light  (see  Figure  2)  clouded  the  interpretation  of 
this  finding.  However,  the  1966  trials  with  Kodak  red  fil- 
ters eliminated  any  suspicion  that  blue  light  is  somehow 
essential  in  sea-finding.  The  transmittance  of  light  at 
450  nm.  by  filters  25A,  29,  92,  and  89B  was  5.5  * 10“^  per 
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cent,  9.5  • 10“5  cent,  6.5  * 10  ^ per  cent,  and  1.0  * 

10  per  cent,  respectively.  It  can  be  seen  that  even 
thoiicfh  red  filter  25A  transmitted  only  about  one  hundred™ 
thousandth  as  much  blue  light  as  was  leaked  by  the  red 
cellophane  filter,  the  orientation  performance  of  the 
turtles  was  not  changed.  The  infrared  filter,  89B,  actually 
transmitted  slightly  more  blue  light  than  the  other  Kodak 
red  filters  yet  this  filter  was  effectively  a blindfold 
in  terms  of  sea-finding.  Furthermore,  at  night,  when  the 
intensity  of  blue  light  passing  through  filter  25A  was  far 
below  the  threshold  for  vision,  the  three  turtles  tested 
were  still  able  to  orient.  The  light  intensity  measurements 
made  ac  Tortuguero  and  Matanzas  to  supplement  the  behavioral 
studies  also  failed  to  uncover  evidence  of  directional, 
short  wave  length  cues. 

Discussion  of  the  environmental  cues  involved  in 
sea-finding  leads  finally,  by  a process  of  elimination,  to 
a consideration  of  the  general  appearance  of  the  surrounding 
landscape,  a kind  of  natural  histogram  where  the  dark  forms 
of  shrubs  and  dunes  project  above  an  imaginary  baseline  in 
the  landward  direction,  while  the  seaward  interface  between 
land  and  sky  remains  low  and  uncluttered.  Any  color  of 
visible  light  that  illuminates  the  beach  will  provide  this 
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same  directional  information;  and  a high  degree  of  visual 
acuity  is  unnecessary  — only  the  ability  to  discriminate 
light  from  dark  in  a given  plane  (Noble  and  Breslau,  1938); 
Anderson,  1958;  Carr  and  Ogren,  1960) . The  arena  experiments 
confirm  the  importance  of  this  horizon  cue  in  the  orienta- 
tion of  hatchling  green  turtles;  there  is  no  reason  to  sus- 
pect otherwise  in  the  case  of  the  adults.  The  failure  of 
56  per  cent  of  the  hatchlings  to  move  at  all  in  the  walled 
arena  at  night  may  imply  that  a nonuniform  horizon  acts  not 
only  as  an  orientation  stimulus  but  as  the  primary  stimulus 
initiating  locomotor  activity. 

The  Mechanism  of  Sea-Finding  Orientation 

Daniel  and  Smith  (1947a, b)  observed  circus  movements 
in  two  hatchling  loggerheads  which  had  been  unilaterally 
blindfolded.  We  have  been  able  to  repeat  these  experiments 
with  adult  green  turtles,  and  also  have  observed  continuous 
turning  or  pivoting  movements  away  from  the  side  of  the 
blindfolded  eye.  This  type  of  reaction,  according  to 
Fraenkel  and  Gunn  (1961) , is  characteristic  of  an  orientation 
mechanism  known  as  tropotaxis,  usually  seen  in  invertebrate 
animals  with  simple,  bilateral  light  receptors.  If  such  a 
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tropotactic  animal  is  positively  phototactic  it  orients  to 
a source  of  light  by  turning  towards  the  side  of  the  light 
receptor  receiving  the  greater  amount  of  light  stimulation, 
until  the  inputs  are  equalized;  then  the  animal  will  be 
aimed  oirectly  at  the  source  of  light  and  can  proceed 
straight  ahead.  If  this  animal  is  unilaterally  blindfolded 
the  apparent  light  inputs  cannot  be  equalized,  and  continuous 
turning  — — circus  movement  — — results.  However,  tropotaxis, 

— SS.'  rarely  exists  in  a pure  form,  even  in  so-called 
simple  invertebrates.  After  several  minutes  have  elapsed, 
circus  movements  in  a unilaterally  blindfolded  animal  may 
be  replaced  by  other  types  of  locomotor  behavior.  Photo- 
tactic  orientation  may  still  be  possible,  indicating  that 
in  those  areas  of  behavior  which  are  of  great  significance 
to  the  organism,  redundancy  may  have  a considerable  selec- 
tive  advantage . Thus  the  observation  of  circus  movements 
in  the  blindfolded  green  turtles  serves  only  to  establish 
the  orientation  mechanism  used  in  response  to  one  particular 
static  set  of  environmental  conditions;  it  merely  hints  at 
the  mechanism  used  during  more  natural  orientation. 

The  series  of  experiments  in  which  neutral  density 
filters  of  1 per  cent  transmittance  were  placed  over  one 
eye  of  sea-finding  turtles  was  designed  to  establish  the 
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actual  importance  of  the  tropotactic  mechanism  in  a dynamic 
orientation  situation.  The  responses  of  these  animals  to  a 
unildteral  reduction  in  light  input  (Figures  6 and  7)  were 
uniform,  and  can  be  analyzed  in  two  stages.  The 
initial  response,  lasting  less  than  five  minutes  of  the  ten- 
minute  trial  period,  involved  complete  or  incomplete  circus 
movements  in  the  predicted  direction  of  greater  light  input. 
In  the  second  phase  of  the  response  the  turtles  oriented  in 
a generally  seaward  direction,  but  deviated  from  a direct 
course  towards  the  unaffected  side.  The  angle  of  deviation 
decreased  as  the  test  continued  and  as  the  turtles  approached 
the  ocean.  The  results  of  these  experiments  appear  to  con- 
f im\  hypothesis  that  the  real  mechanism  of  sea— finding 

is  primarily  tropotactic  in  nature.  In  both  phases  of  the 
response  we  can  observe  a tendency  to  turn  in  the  direction 
light  input.  This  turning  continued  until  dark 
adaptation  in  the  filter-covered  eye  had  proceeded  far 
enough  so  that  the  apparent  inputs  were  equalized.  Unless 
dark  adaptation  completely  neutralized  the  effect  of  the 
filter,  equalization  occurred  when  the  affected  side  was 
actually  receiving  slightly  more  light  than  the  other  side, 
and  the  orientation  path  deviated,  as  observed,  from  a 
direct  seaward  heading  — the  turtles  oriented  to  one  side 
of  the  brightest  horizon. 
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perigrammotaxis"  (contour  or  outline  reaction)  in  place  of 
skoto-  and  phototaxis,  his  arguments  are  clearly  applicable 
to  the  problem  of  sea-finding,  it;  is  impossible  to  describe 
dark  ^ureas  of  the  horizon  without  implying  the  existence  of 
brighter  regions.  Similarly,  the  perception  of  these  dark 
areas  cannot  be  a separate  act,  independent  of  the  percep- 
tion of  the  brighter  regions,  especially  in  an  animal  which 
almost  certainly  has  a broad  field  of  view.  Bright  and  dark 
are  relative  terms  in  the  biological  context  — the  contrast 
between  them  gives  them  both  existence,  it  seems  reasonable 
to  conclude  that  in  my  tests  turtles  probably  avoided  the 
westerly  and  northwesterly  sectors  because  of  the  presence 
of  the  mountain;  and  it  also  seems  reasonable  to  conclude 
that  the  hatchlings  in  the  unwalled  arena  headed  slightly  to 
the  east  of  a direct  seaward  course  because  of  the  presence 
of  the  mountain  in  the  west  and/or  because  of  the  shoreline 
and  configuration  of  the  landscape  at  that  particular  place. 
It  seems  unnecessary,  however,  to  diminish  the  biological 
meaning  of  this  behavior  by  insisting  that  it  fit  into  a pre- 
defined and  perhaps  artificial  category  of  light  reaction. 

It  was  expected  that  the  use  of  a prism  to  rotate  the 
field  of  view  through  90  degrees  would  produce  a correspond- 
ing shift  in  the  path  of  an  orienting  turtle.  However,  the 
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results  of  these  experiments  are  confusing,  and  unfortunately 
add  little  to  our  understanding  of  the  mechanism  of  sea- 
finding. Except  for  confirmation  of  the  fact  that  manipula- 
tion of  the  visual  input  will  result  in  altering  the  turtles' 
paths  — again  supporting  the  assumption  that  the  directional 
cue  is  visual  — the  results  are  difficult  to  interpret  with 
confidence.  Without  more  precise  knowledge  of  the  visual 
field  of  each  eye,  without  knowledge  of  the  effects  of  small 
shifts  in  the  position  of  the  prism,  and  without  knowledge 
of  the  amount  of  reduction  of  light  intensity  caused  by  the 
prism  at  any  given  time,  there  is  no  way  to  predict  the 
amount,  or  even  the  direction,  of  deviation  from  a seaward 
heading  that  should  occur.  Nevertheless,  Figures  9 and  10 
clearly  show  that  deviations  do  occur,  and  it  is  hoped  that 
future  work  will  render  these  results  more  meaningful. 

Partly  because  of  its  myopic  vision  when  out  of 
water,  the  green  turtle  (and  probably  the  other  sea  turtles) 
has  evolved,  or  retained,  a method  of  sea-finding  reminiscent 
of  the  tropotactic  orientation  of  some  invertebrate  animals 
with  bilateral,  simple  light  receptors.  This  method  in- 
volves inspection  of  the  surrounding  landscape , and  a direc- 
tion choice  based  on  the  relative  locations  of  the  bright 
and  dark  areas  of  the  horizon.  It  would  be  foolish,  however. 
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to  assume  that  this  overly  mechanistic  explanation  of  sea- 
finding orientation  is  sufficient  to  account  for  the  observed 
path  direction  in  all  natural  or  experimental  situations.  It 
would  also  be  foolish  to  attempt  to  draw  too  exact  a parallel 
between  the  mechanisms  of  water-finding  in  freshwater  and  sea 
turtles.  Although  there  is  nothing  in  the  literature  to 
indicate  that  differences  exist,  and  although  there  are  many 
apparent  similarities,  it  must  be  remembered  that  the  fresh- 
water turtle  has  a far  greater  visual  acuity  while  on  land 
than  its  marine  relative,  and  this,  in  turn,  may  permit  a 
more  refined  form  of  orientation  — if  necessary. 

Vision  in  the  Green  Turtle 

An  incomplete  understanding  of  the  vision  of  the 
green  turtle  can  be  pieced  together  from  the  results  of  the 
experiments  described  in  this  study.  Most  directly  informa- 
tive are  the  retinoscopic  measurements  of  refractive  error; 
these  tell  us  that  with  respect  to  its  optical  system  (as 
in  body  form  and  locomotion)  the  green  turtle  has  made  few, 
if  any,  concessions  to  the  physical  requirements  of  its 
brief  terrestrial  existence  — important  though  that  period 
may  be.  The  green  turtle  remains  a highly  specialized 
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marine  animal.  There  are  none  of  the  compromises  that  can 
be  seen  in  freshwater  turtles.  Later  in  the  discussion  this 
will  be  seen  to  hold  true  for  color  vision. 

Those  who  have  visited  Tortuguero  during  the  turtle 
nesting  season  may  be  amused  at  any  mention  of  celestial 
navigation.  The  climate  at  Tortuguero  is  moist  enough  to 
support  a lowlands  rain  forest  vegetation;  rainfall  may  ex- 
ceed 150  inches  per  year.  Even  the  short  dry  seasons  are 
poorly  defined  and  wetter  than  the  name  implies.  A dozen 
nights  may  pass  without  stars  or  moon  being  visible  at  all. 
On  such  nights  a person  may  walk  slowly  along  the  dark  sand 
beach  af»-er  ten  minutes  of  adaptation,  only  occasionally 
stumbling  across  logs  that  lie  unseen  at  his  feet,  or  fall- 
ing down  two-foot  embankments  that  would  be  quite  notice- 
able in  the  day.  Yet  the  turtles  do  not  refrain  from  nest- 
ing on  these  nights.  They  come  and  go  as  usual,  depending 
on  their  vision  to  guide  them;  if  blindfolded  in  the  midst 
of  this  apparent  blackness  their  movements  are  just  as  aim- 
less as  those  of  animals  blindfolded  in  the  daytime.  It 
would  thus  appear  that  the  green  turtle  has  a very  low 
intensity  threshold  for  visual  stimulation,  perhaps  lower 
than  that  for  man.  This  increased  sensitivity  would  pre- 
sumably be  useful  to  the  turtles  when  they  find  themselves 
in  deep  or  murky  waters . 
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In  addition  to  information  about  the  threshold  of 
vision  in  the  green  turtle,  a number  of  the  orientation  ex- 
periments provide  some  data  concerning  the  time  course  of 
dark  adaptation.  A ten-minute  period  of  accommodation  was 
sufficient  to  eliminate  the  disorienting  effect  of  40  per 
cent  transmittance  filters.  The  experiments  in  which  a 1 
per  cent  transmittance  filter  was  placed  over  one  eye  of 
an  orienting  turtle  were  even  more  interesting;  the  result- 
ing path  (discussed  above)  is  virtually  a plot  of  dark 
adaptation  versus  time.  With  some  modification  the  latter 
type  of  orientation  test  might  be  applied  directly  to  a be- 
havioral investigation  of  dark  adaptation;  at  present  it 
can  only  be  stated  that  dark  adaptation  in  the  green  turtle 
appears  to  be  fairly  rapid. ^ 


^While  at  Tortuguero  in  the  summer  of  1966,  Dr. 
Arthur  Koch  conducted  informal  orientation  trials  which  were 
analogous  to  the  1 per  cent  transmittance  filter  experiments. 
On  two  occasions,  he  shined  a bright  light  into  one  eye  of  a 
mature  green  turtle  at  night.  After  several  minutes  the 
light  was  turned  off  and  the  turtle  was  released.  At  first, 
both  turtles  deviated  from  a direct  seaward  heading  toward 
the  side  of  the  unaffected  eye.  Within  several  minutes  they 
corrected  their  courses.  Presumably  the  light  had  bleached 
a fair  proportion  of  the  visual  pigment  in  one  eye . The 
correction  of  the  turtles'  headings  may  have  corresponded  to 
a regeneration  of  this  pigment.  Formal  experiments  of  this 
nature  seem  worthwhile . 
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The  results  of  the  neutral  density  filter  experiments 
ii^^icate  that  small  reductions  in  light  intensity  may  affect 
sea— finding  orientation.  If  this  were  not  the  case,  it 
rfii^ht  he  possible  to  use  the  data  of  the  color  filter  ex- 
periments to  determine  an  approximate  spectral  sensitivity 
curve  for  the  green  turtle.  For  example,  the  high  orienta- 
tion scores  of  turtles  wearing  green  filters  might  be 
interpreted  to  mean  that  the  turtles  are  particularly  sensi- 
tive to  those  wave  lengths  of  green  light.  However,  the 
different  widths  of  the  transmittance  bands  of  the  individual 
color  filters,  and  the  variations  in  the  spectral  intensity 
distribution  of  incident  and  reflected  light  at  the  beach 
do  not  permit  such  interpretations.  At  best,  it  can  be  said 
that  tne  photon  spectral  distribution  from  the  sun  at  the 
surface  of  the  earth  reaches  a broad  maximum  in  the  red 
(Seliger  and  McElroy,  1965).  In  spite  of  this,  turtles 
wearing  red  cellophane  and  red  25A  filters  had  significantly 
lower  orientation  scores  than  the  control  group.  This  may 
indicate  a relatively  low  sensitivity  to  red  light  at  day- 
time levels  of  illumination. 

The  approximate  limits  of  the  visible  spectrum  of 
the  green  turtle  can  be  determined  from  the  filter 
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orientation  data.  The  ultraviolet  filter,  18A,  did  not  act 
as  a blindfold,  but  some  of  the  orientation  scores  were 
quite  low.  The  lower  limit  of  spectral  sensitivity  prob- 
ably lies  within  the  transmittance  band  of  this  filter; 

350  nm.  seems  a reasonable  estimate.  The  upper  spectral 
limit  for  vision  was  established  more  precisely  by  the  use 
of  the  series  of  red  filters.  The  scores  of  turtles  wearing 
red  cellophane  and  25A  filters  were  low  (Figures  2 and  3) , 
those  of  turtles  wearing  type  29  and  92  filters  were 
marginal.  Turtles  with  89B  filters  behaved  as  if  blind- 
folded. Therefore  the  cut-off  point  most  likely  occurs 
between  625  im.  and  650  nm.  Results  of  the  few  night-time 
experiments  with  red  filters  did  not  show  any  obvious  dif- 
ferences. This  is  not  surprising;  certainly  there  is  no 
reason  to  expect  that  marine  turtles  ought  to  show  a 
Purkrnje  shift  effect.  Duplicity  theory  is  useful  when  one 
is  dealing  with  the  vision  of  primates;  but  the  concept 
that  divides  the  visual  process  into  two  separate  sub- 
systems — cones  versus  rods,  day  vision  versus  night 
vision,  foveal  vision  versus  peripheral  vision,  and  red 
vision  versus  blue  vision  — has  no  great  phylogenetic 
depth.  In  short,  we  cannot  assume  that  there  are  special- 
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ized  elements  in  the  green  turtle  retina  which  operate  at 
levels  of  light  intensity  below  the  threshold  of  other  recep- 
tors^ nor  can  we  assume  that  any  such  specialized  elements 
i^ust  contain  blue— absorbing  visual  pigment, 

Forbes  et  al.  (1958)  and  Granda  and  Stirling  (1965, 
1966)  have  reported  evidence  of  a Purkinje  effect  in  fresh- 
water turtles,  perhaps  attributable  to  the  few  retinal  ele— 
lacking  oil  droplets  in  the  otherwise  nearly  all 
cone  retina.  These  findings  are  based  on  electrophysiolog— 
ical  data,  and  are  difficult  to  interpret,  partly  because 
the  magnitude  of  the  observed  electrical  responses  to  light 
is  heavily  dependent  upon  experimental  technique.  Such 
results  might  cause  one  to  question  the  concluding  state- 
ments of  the  preceding  paragraph,  were  it  not  for  a number 
of  indications  that  the  color  vision  of  the  green  turtle  -- 
like  other  features  of  its  visual  system  — is  strikingly 
different  from  that  of  its  freshwater  relatives.  Beginning 
with  the  early  behavioral  experiments  of  Wojtusiak  (1933) 
and  the  electroretinographic  studies  of  Armington  (1954)  a 
considerable  amount  of  evidence  has  accumulated  to  show  that 
under  conditions  of  daylight  illumination,  peak  sensitivity 
to  light  in  the  freshwater  turtle  is  attained  midway  between 
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600  nm.  and  700  nm.  There  is  little  doubt  that  freshwater 
turtles  are  capable  of  responding  to  wave  lengths  longer 
than  700  nm.  Some  investigators  have  even  claimed  that 
this  visual  capability  extends  into  the  far  infrared 
(Wojtusiak  and  Mlynarski,  1949) , although  it  seems  more 
likely  that  behavioral  responses  to  radiation  beyond 
800  nm.  are  related  to  the  activity  of  heat  receptors 
located  in  the  skin. 

Whatever  the  exact  location  of  the  cut-off  point 
in  the  far  red  or  infrared,  it  may  be  stated  that  the 
freshwater  (emydid)  turtle  is  primarily  a red-sensitive 
animal,  and  the  green  turtle  is  not.  Munz  (1965)  has  col- 
lected instances  of  similar  spectral  sensitivity  differ- 
ences between  marine  and  freshwater  teleost  fish,  and  dis- 
cusses these  differences  as  an  adaptive  function  of  the 
spectral  transmission  characteristics  of  fresh  and  salt 
water.  Indeed,  the  history  of  the  visual  apparatus  in 
vertebrates  is  one  of  rapid  and  amazingly  extensive  anatom- 
ical and  functional  response  to  changes  in  what  Munz  refers 
to  as  the  "photic  environment."  Closely  related  species 
may  have  very  different  sorts  of  eyes,  and  it  is  not  safe 
to  make  assumptions  about  the  vision  of  an  animal  based  on 
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a knowledge  of  the  vision  of  its  relatives.  An  equally 
dangerous  pitfall  is  seeking  to  provide  an  environmental 
explanation  for  every  observed  functional  difference  between 
animals.  Such  modifications  may  be  over— determined, 
causally  related  to  a number  of  environmental  factors  — 
some  of  them  quite  obscure  (Dartnall,  1965).  If  marine 
turtles  are  found  to  have  a visual  sensitivity  maximum 
shifted  towards  the  green  portion  of  the  spectrum,  an  evalu- 
ation of  this  shift  will  have  to  be  postponed  until  there 
is  a more  complete  understanding  of  the  daily  activities  and 
life  cycles  of  these  little  known  animals. 

The  outlines  of  the  orientation  mechanism,  which  is 
similar  to  the  classical  "tropotaxis , " are  now  apparent, 
but  further  experimentation  in  the  field  and  in  the  labora- 
tory is  needed  to  supply  the  details.  Since  the  sea- finding 

orientation  is  used  only  for  a few  minutes  of  the  life  of 

\ 

a green  turtle,  and  must  yield  on  schedule  to  different 
forms  of  orientation,  a study  of  the  transition  state 
(especially  in  hatchlings)  may  help  to  place  other  environ- 
ment- and/or  age-dependent  types  of  orientation  or  naviga- 
tion behavior  (Fischer,  1964)  in  perspective.  It  may  be 
easier,  given  our  knowledge  of  the  sea-finding  process  and 
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green  turtle  vision,  to  design  experiments  to  examine  the 

important  mechanisms  of  orientation  that  govern  the  actions 

of  mature  green  turtles  prior  to  nesting;  selection  of  a 

landfall  site,  orientation  away  from  water,  and  selection 

of  a specific  nest  site  — in  that  order.  Preliminary 

\ 

findings  that  the  green  turtles  are  less  sensitive  to  red 
light  than  freshwater  turtles  should  certainly  prompt  a 
study  of  the  relationship  between  the  photic  environments 
(determined  by  age  and  species)  and  the  spectral  sensitivi- 
ties of  sea  turtles.  Such  studies  may  clarify  aspects  of 
the  natural  history  and  evolutionary  history  of  marine 


turtles . 


CHAPTER  V 


SUMMARY 

/ 

Tests  of  orientation,  measurements  of  environmental 
light  intensity,  and  optical  studies  of  visual  accommodation 
were  used  in  an  investigation  of  the  nature  of  the  sea- 
finding orientation  of  the  green  turtle,  Che Ionia  mvdas. 

The  ability  of  mature  and  hatchling  turtles  to  travel 
directly  to  the  ocean  after  nesting  or  after  emerging  from 
the  nest  was  thus  characterized  in  terms  of  the  environ- 
mental cues  essential  for  guidance,  the  properties  of  the 
sensory  system  that  detects  these  cues,  and  the  behavioral 
mechanism  of  the  orientation. 

The  sea-finding  performance,  in  daylight,  of 
itature , female  turtles  was  evaluated  guantitatively  while 
they  were  wearing  spectacles  containing  different  types  of 
filters.  Hatchlings  were  tested  at  various  times  of  day 
and  night  in  a circular  arena  near  the  sea,  where  direction 
preferences  might  be  observed  when  the  view  of  the  surround- 
ing landscape  was  unobstructed,  or  when  it  was  blocked  by 
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a low  wall.  The  intensity  of  polarized  and  non-polarized 
incident  light  of  short  and  long  wave  lengths  was  measured 
at  the  beach  with  a portable  photometer  that  could  be 
aimed  in  any  azimuth  direction.  Refractive  errors  of  green 
turtles  in  air  and  water  were  determined  retinoscopically . 

Blindfolds  and  filters  that  transmitted  only  infra- 
red radiation  disrupted  sea— finding;  the  orientation  scores 
were  lower  than  those  of  any  other  groups.  Red  and  deep  red 
filters,  blue  and  ultraviolet  filters,  and  neutral  density 
filters  of  40  per  cent  transmittance  significantly  decreased 
orientation  scores,  but  did  not  prevent  the  turtles  from 
finding  the  water.  Turtles  with  green  filters,  and  turtles 
pre-adapted  to  neutral  density  filters  and  depolarizing- 
diffusing  filters  oriented  as  well  as  control  animals. 

Hatchlings  placed  in  the  low-walled  arena  headed  in 
a landward  direction  nearly  50  per  cent  of  the  time,  despite 
a clear  view  of  the  sky.  Sea-finding  orientation  was 
highly  successful  in  the  unwalled  arena  during  both  day  and 
night,  although  there  was  no  direct  view  of  the  sea.  There 
was  little  correlation  between  hatchling  direction  preferences 
and  the  pattern  of  light  intensity  in  the  sky  above  the 
horizon.  Photometer  measurements  of  incident  light  also 
indicate  that  azimuth  differences  in  the  ratio  of  intensities 
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of  red  and  blue  light  at  the  level  of  the  horizon,  or  above, 
do  not  constitute  a reliable  indicator  of  the  direction  of 
the  ocean. 

In  water,  green  turtles  are  capable  of  forming  a 
sharp  image  in  the  plane  of  the  retina.  When  the  turtles 
are  on  land  (or  when  their  heads  are  above  water)  they  are 
extremely  myopic,  and  appear  to  lack  sufficient  power  of 
accommodation  to  overcome  the  40  diopters  of  nearsighted- 
ness . 

It  is  concluded  that: 

1.  Sea-finding  orientation  is  primarily  a visual 

process . 

2.  A direct  view  of  the  sea  or  surf  is  not  neces- 
sary for  seaward  orientation  of  either  adults  or  hatchlings. 

3.  There  is  no  evidence  of  an  innate  compass 
direction  preference  based  on  celestial  information,  but 
some  sort  of  celestial  compass  cue  near  the  horizon  cannot 
be  ruled  out. 

4.  Perception  of  polarized  light  is  not  involved 
in  sea- finding. 

5.  Orientation  is  not  impaired  when  the  details 
of  visual  images  are  blurred  by  a diffusing  filter;  this 
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is  not  surprising,  since  the  retinoscopic  measurements 
incicate  that  green  turtles  are  incapable  of  seeing  sharp 
outlines  when  out  of  water. 

j-S  unlikely  that  true  color  discrimination 
forms  the  behavioral  basis  of  sea— finding.  Sea— finding  is 
possible  with  filters  that  transmit  light  anywhere  between 
350  nm.  and  650  nm.  The  decrease  in  orientation  scores 
observed  with  the  red  filters  is  probably  a function  of  the 
turtles'  low  sensitivity  to  red  light  during  the  day.  Red 
sensitivity  appears  to  be  considerably  less  than  that  of 
freshwater  turtles;  this  may  be  related  to  the  short  wave 
length  transmittance  of  seawater. 

7.  The  myopic  green  turtle  relies  on  a method  of 
sea— finding  that  resembles  the  tropotactic  orientation  of 
some  invertebrate  animals  with  simple  light  receptors.  This 
method  involves  inspection  of  the  surrounding  landscape  and 
a direction  choice  based  on  the  relative  locations  of  the 
open  and  bright  (seaward)  areas  of  the  horizon  versus  the 
darker,  elevated  outline  of  dunes,  shrubs,  and  trees. 
Freshwater  turtles  undoubtedly  share  some  features  of  this 
water-finding  mechanism,  although  their  superior  vision  on 
land  may  permit  them  to  refine  the  orientation  process. 
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